In this paper, a near-real time rotorcraft flight dynamics-acoustics prediction system is presented. Limited internal consistency checks and comparison with previous maneuver noise predictions, based on CAMRAD 2 airloads and motions, are presented to partially validate the system. A complex 80-second maneuver was used to demonstrate the capability of the coupled GENHEL-PSU-WOPWOP system. This realistic maneuver includes a climb, coordinated turn, and level flight conditions. Prediction of overall sound pressure level was performed over a region 2000 meters by 1600 meters with 8181 individual measurement locations. The noise predictions show changes in noise radiation strength and directivity due to maneuver transients, aircraft attitude changes, and the aircraft flight. A comparison of the total noise with the thickness and loading noise components helps explain the noise directivity. The computations for a single observer were very fast-although not real-time. Real-time loading noise prediction is demonstrated and the feasibility of real-time noise prediction of the total noise signal is evaluated.
INTRODUCTION
Rotorcraft noise is one of the key objections to the introduction of rotorcraft into commercial service in metropolitan areas. Existing operators are often burdened by the requirement to fly complex flight paths to avoid excessive noise exposure to neighboring communities. Much research has been performed over the past twenty years to both understand the rotor noise generation and propagation and to develop prediction methodologies to aide regulatory bodies, rotorcraft manufacturers, and operators reduce noise. Even so, the rotor noise prediction problem requires a detailed understanding of the rotor aerodynamics and dynamics, which is still extremely challenging. Hence, very little firstprinciples based prediction capability has been developed specifically for flight-path optimization for minimum noise. Flight-testing and empirically based prediction models have been the primary tools used to formulate quiet flight procedures.
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and limitations in the computational resources and analytical methods. However, such integration could greatly reduce the cost of the noise certification process, improve analytical methods to reduce noise of future designs, and allow the development of new methods for flight path and control system optimization for the reduction of rotorcraft noise. Recent advances in acoustics prediction methods coupled with the rapid advance of computer processor speeds may now make this integration possible in real-time.
Flight simulation codes are the main computational tool for rotorcraft flight dynamics analysis. These codes are designed primarily to calculate the orientation and trajectory of a helicopter for specified pilot control inputs and atmospheric disturbances. The real-time implementation of flight dynamics models is of prime importance in order to allow pilot-in-the-loop simulation. Flight simulation codes are used for handling qualities analysis, flight control design, systems integration, pilot training, and a variety of other tasks. The complexity of flight dynamics models is normally tailored to allow for real-time implementation. Over the last two decades, real-time models have come to include detailed representations of main rotor blade loadings, rigid blade dynamics, and simplified dynamic inflow. 1 With the ever-increasing speed of microprocessors, the achievable level of fidelity is becoming quite high-including the possibility of full free-wake computation in the near future. 2 Most acoustics analysis codes compute noise levels for trimmed flight conditions given a set of calculated or measured air loads. There has been no apparent need for real-time acoustics prediction because the noise computation for a single blade passage would be the same for the entire flight condition. Furthermore, the complexity of the rotor aerodynamic, dynamic, and acoustic computations required in rotor noise prediction has made real-time implementation impractical. Recent work on the prediction of rotor noise in maneuvering flight, however, has focused attention on the development of highly efficient acoustic algorithms for maneuver. 3, 4 The rapid advance in computer processor power, innovations in parallel processing 5 , and improvements in the efficiency of numerical algorithms all have greatly increased the speed of calculation for noise prediction. Real-time prediction of noise in maneuvering flight may now be obtainable.
The ability to couple rotorcraft external noise prediction with flight dynamics simulation would provide a number of benefits to the rotorcraft industry. First, such a tool will allow for a very efficient acoustics analysis for a wide range of operating conditions. Although there is a question of whether a current flight simulation codes can provide the aerodynamic data with high enough fidelity, it is likely that this will be the case in the near future. Second, realistic flight trajectories can be simulated and evaluated in terms of noise levels with a coupled flight dynamics-noise simulation. Multiple flight paths can be analyzed in batch processes. Finally, such a tool could be used for flight path optimizations. Candidate quiet approach and departure trajectories can be evaluated in terms of both noise level and pilot workload with a much-reduced need for expensive flight-testing.
If rotor noise calculations could be performed in real-time, then the usefulness of such a tool would be enhanced even further. Pilot-in-the-loop simulations could be performed with a real-time generation of the external noise at a specific location. This might enable a "virtual certification" process, such that flight simulation could be used to greatly reduce the number of flight tests required for noise certification. Coupled flight dynamics-noise prediction involves a one-way coupling (the flight simulation code providing data to the acoustics prediction but not vice-versa), but realtime implementation would enable a pilot to "close the loop" by changing the flight controls in response to the noise computation. Real-time analysis could also be the basis of a system that could tell the pilot the noise he is currently radiating at critical observer positions. Such a system could warn the pilot that he is flying a noisy flight profile and then cue him on the proper corrective action.
APPROACH
The objective of this study is to investigate the feasibility and potential benefits of integrating rotorcraft noise prediction and flight dynamics simulation into a real-time or near real-time analysis code. The high-fidelity noise prediction code PSU-WOPWOP 3, 4 (also known as WOPWOP3) has been mated with the flight simulation model GENHEL 1 to provide a flight dynamics and acoustics analysis of a utility transport helicopter. In the remainder of this paper, each of the components of this simulation system will be described and the feasibility of a coupled, realtime prediction of rotorcraft flight dynamics and noise will be investigated.
GENHEL Flight Simulation Code
GENHEL is a non-linear mathematical model of the flight dynamics of a utility helicopter. The code used in this study is based on the version maintained by the NASA / U.S. Army rotorcraft division. The simulation model includes a total force, large angle representation of the 6-DOF rigid body dynamics of the fuselage. Rigid flapping and lagging dynamics of the rotor blades are also included along with a three state Pitt-Peters dynamic inflow model. Dynamic models of the engine, RPM governor, and flight control systems are also included. This code is widely accepted by government and industry as a valid tool for analysis of flight dynamics and handling qualities.
The rotor model uses a blade element representation, in which the local velocities are calculated for a set of segments along each blade, and the aerodynamic loading is then calculated based on the local Mach number, angle of attack, and yaw angle of the flow. The tangential and normal components of aerodynamic loading along the blade as well as the blade location at each time step are computed by GENHEL.
The code has been modified in this study to provide all of the parameters needed for noise prediction. In particular, the aircraft motion, individual blade motion and loading are all provided to PSU-WOPWOP as a function of time. GENHEL was also modified to use an increased number of spanwise segments for the computation of blade loading. A maneuver controller (pilot model) has been added to the code to allow simulation of basic flight maneuvers in a non-real-time environment without a pilot in the loop. In non-real-time computations the code is capable of executing in a much shorter time than the actual maneuver, even on a desktop personal computer.
PSU-WOPWOP Noise Prediction Code
The PSU-WOPWOP code has been used to calculate rotor source noise in both steady and transient maneuvering flight. PSU-WOPWOP was specifically developed to predict rotor noise for a rotorcraft with multiple rotors flying an arbitrary flight path. The blade motion and loading are assumed to be independent, and non-periodic for each rotor blade. The retarded-time formulation of the Ffowcs WilliamsHawkings (FW-H) equation 6 known as Farassat's Formulation 1A 7 was chosen as the theoretical basis for the new code. Although this is the same formulation as is used in the NASA WOPWOP 8 code, a wide variety of numerical implementations are available; therefore, the first step in the development of the PSU-WOPWOP code was to perform an analysis of algorithm efficiency. As a result of this analysis, a "source-timedominant" 9 approach was chosen because it was found to be the most efficient acoustics algorithm for the maneuver problem
The code was developed with an object-oriented design, implemented with Fortran 95. The result is a flexible code that can model the full geometrical complexity of any rotor configuration without modeling approximations used in other codes. PSU-WOPWOP is a complete aircraft code, which can compute the noise from multiple rotors simultaneously. All geometric details-such as hinge locations, rotor blade and body motions-can be arbitrarily specified as user input. A more complete description of the PSU-WOPWOP code is given in references 3 and 4.
The use of a compact-chordwise loading noise model, a "source-time-dominant" acoustic integration algorithm, and an efficient kinematics calculation has considerably reduced the computation time. The compact-chordwise loading model (described in reference 10) utilizes blade section forces rather than surface pressures; therefore, it is better suited for coupling with GENHEL. The "source-time-dominant" approach computes the noise from each point on the rotor blade and determines when that signal will reach the observer. The "arrival time" (when the signal arrives at the observer location) is different for each source point; therefore, the acoustic pressure time history from each source point must be interpolated to provide signal at the desired observer time. Only then can the contribution from each point on the blade be summed to give the resultant acoustic pressure at the desired observer time. For real time implementation, this part of the algorithm requires modification.
Using the "source-time-dominant" algorithm, PSU-WOPWOP runs approximately 50 times faster than the NASA version of WOPWOP modified for maneuver. This is quite important because maneuver noise computations typically are much longer than steady-flight computations and the computation of directivity plots, involving thousands of observer locations, is required to understand how the noise directivity changes during a maneuver.
Initial computations for a transient maneuver have demonstrated that PSU-WOPWOP is able to predict the loading noise in less computational time than the maneuver modeled. 
The Coupled Acoustics -Flight Simulation System
The integration of PSU-WOPWOP with GENHEL enables a seamless transfer of flight dynamic data into the noise prediction analysis. In the initial phase of the system development, the coupling between the codes is a loose, one-way coupling. Presently, the maneuver is first run in the GENHEL code, which determines the flight dynamics and rotor blade loading. PSU-WOPWOP uses this data to predict the noise. This implementation is not suitable for real-time predictions, but is adequate to evaluate both the fidelity issues and potential for real-time noise prediction. Furthermore, if GENHEL loading ultimately proves to be inadequate for specific noise predictions-as is the case for blade-vortex-interaction noise-the flight path and pilot control values determined with GENHEL will be extremely helpful in setting up a higher fidelity comprehensive analysis.
Aircraft Description
The aircraft investigated in this study is representative of a utility transport helicopter. It is a single-rotor / tail-rotor configuration with an articulated horizontal stabilizer. The main rotor is a four-bladed articulated rotor with swept blade tips. The main rotor blade planform is shown in Figure 1 . The tail rotor is modeled using a simplified Bailey solution in GENHEL; hence individual blade motion and loading are not modeled. For this reason the tail rotor has not been included in noise predictions. However, in the future the simulation could be upgraded to include a blade-element tail rotor model in order to include tail rotor noise in the analysis. The aircraft includes basic electronic stability augmentation in the roll, pitch, and yaw axes. In order to simulate basic maneuvers without a pilot in the loop, an outer loop controller was designed and implemented. A description of key aircraft parameters used in the coupled acousticsflight simulation system predictions is given in Table 1 .
VALIDATION OF COUPLE ACOUSTICS-FLIGHT SIMULATION SYSTEM
Whenever a new computational methodology or procedure is developed, it is critical that the end-to-end process be validated to the maximum extent possible. Such a validation process is extremely difficult in the case of maneuvering rotorcraft noise prediction. The difficulties come from several sources. First, very few noise measurements of rotorcraft during maneuvering flight exist and it is impractical (if not impossible) to perform such measurements in a wind tunnel. Second, if flight measurements were available, all noise sources would be present in the acoustic measurements: engine noise, tail rotor noise, and the main rotor noise. Pilot control inputs and wind gusts would also influence the measured noise. Finally, many of the datasets that have been taken are not openly available. Nevertheless, some validation of the coupled GENHEL-PSU-WOPWOP system is still possible.
Variation of GENHEL Parameters
The first validation performed on the coupled GENHEL-PSU-WOPWOP system was an internal consistency check. In a typical GENHEL computation, the blade is divided up into five radial segments and the time integration is performed at 0.01-second intervals (approximately 15.5 deg.-azimuth steps). This spatial and temporal discretization is very coarse by acoustic standards; hence, these parameters were investigated. A minor modification was made to GENHEL to allow a significantly higher number of radial stations (e.g., as high as 30 segments or more). The effect of number of blade segments used in GENHEL was tested for the utility transport aircraft flying in level flight at a velocity of 80 knots. Figure 2 shows how the predicted spanwiseloading distribution changes when the number of blade segments was increased from 5 to 10, 20, and 30. As the number of blade segments increased, the details of the loading distribution changed slightly, especially near the tip of the rotor blade. The largest changes in loading are seen when increasing from 5 to 10 and from 10 to 20 blade segments. The variation in the spanwise loading for the particular azimuth angle used in Figure  2 is typical. Although not shown, the increase in number of blade segments had relatively small effect on the global quantities computed by GENHEL, such as rotor thrust, blade motion, and aircraft trajectory. The OASPL values in this paper were computed by applying a Hanning window to a 0.5 sec segment of the acoustic pressure time history. A 4.26 dB broadband correction factor was then added to the OASPL level to compensate for the effect of the Hanning window on the total signal power. Notice that the predicted OASPL level changes appreciably with the change from 5 to 10 segments, while there is again only a small change from 10 to 20 segments, and a essentially a negligible change in noise when the number of blade segments is increased from 20 to 30. In these computations, the compact loading noise computation in PSU-WOPWOP uses the same segments as GENHEL, but the thickness noise is computed using a grid with 30 chordwise and 30 spanwise cells on both the upper and lower surfaces. Similar comparisons of GENHEL loading and motions were made for a change from the standard time integration step of 0.01 sec to 0.005 sec. Only small differences were observed, therefore the results are not shown here. Unless otherwise stated, the remaining GENHEL computations in this paper were run using a 0.01 sec integration time step and 10 radial stations. These values were chosen both for computational efficiency and because the OASPL values seemed to be substantially converged.
Comparison with Previous Results
Although not a complete validation, a comparison with the results of references 4 and 10 can be made to demonstrate that the current coupled acoustic-flight dynamics computations are reasonable.
In those papers, a transient maneuver is presented for a notional helicopter that is slightly smaller than the one used in the GENHEL model (i.e., approximately 14,000 lbs. gross weight, four-bladed articulated main rotor with swept tips, with blade radius slightly less than the utility transport helicopter used in the present work). The transient maneuver consists of a helicopter in a threedegree descent, which is arrested by increasing the collective pitch up to six degrees and then returning it to its original value. In this two-second maneuver the helicopter initially descends and then starts to climb slightly. In references 4 and 10, CAMRAD 2, 11 with its dynamic inflow model, was used to determine the aircraft motion, blade motion, and blade loading. Twenty-five blade segments were used in the GENHEL model to match the number used in the previous CAMRAD 2 computations.
In Figure 5 , a comparison of the acoustic pressure time histories for the steady three-degree descent and the arrested descent for the helicopter in reference 4 is shown. This computation uses the loading and motion from CAMRAD 2. * The figure shows the impact of the transient maneuver is substantial at this observer location. This maneuver was replicated with GENHEL * During the preparation of this paper it was found that the loading used in references 3, 4, and 10 contained an error. Any rotor noise prediction comparisons with those references use the corrected results. The figures given in this paper will not match transient noise predictions in references in 3, 4, and 10 for this reason. for the present utility transport helicopter . As the helicopters are not identical (the utility helicopter is nearly 18 percent heavier and the control systems are different), it was decided to match the aircraft position rather than the control inputs. As a result, the flight paths are similar, even though only about two-thirds of the collective pitch input was required (i.e., approximately four degrees maximum) for the utility transport helicopter. The noise comparison for the utility transport helicopter, at the same observer location, is shown in Figure 6 . Again a comparison of the three-degree steady descent with the arrested descent highlights the impact of the maneuver transient; however, for this helicopter the difference in the acoustic pressure time history is less pronounced at this observer location. This is probably a reflection of the smaller change in collective pitch required to perform the maneuver.
By comparing the two different computations (compare Figures 5 and 6) , it is evident that the GENHEL computation agrees favorably with the noise prediction based on the CAMRAD 2 solution. (Note, PSU-WOPWOP was used in both computations.) The acoustic pressure from the utility helicopter used in this study has somewhat higher amplitude throughout the maneuver. As the noise at this location is essentially all loading noise, it is reasonable that the heavier helicopter has higher acoustic pressure amplitude. A more complete comparison of the predicted noise from the two helicopters is shown in Figure 7 as a time sequence of OASPL directivity plots. Although there are distinct differences between the two sets of computations, it is reassuring that both the general shape and levels of the OASPL directivity agree quite well for all times during the maneuver. These comparisons gives strong indication that GENHEL is providing aircraft state, motion, and loading data that is consistent with the previous CAMRAD 2 computation.
COMPLEX MANEUVER DEMONSTRATION
Now that the coupled GENHEL-PSU-WOPWOP system has been demonstrated to provide reasonable results for some simple cases, it is appropriate to study a more a complicated maneuver.
A complex maneuver-typical of a routine operation-has been used to demonstrate the capability of the coupled system and to investigate the potential for real-time rotorcraft noise prediction.
Description of Maneuver
The maneuver investigated is representative of a takeoff and climb out followed by a coordinated turn. The aircraft starts in 40 knots level flight just above the ground. The aircraft then initiates a 1000 fpm climb and simultaneously accelerates to 100 knots forward airspeed. When the aircraft reaches 200 feet altitude (60.96 m), it levels off and performs a 180 degreecoordinated turn, at constant airspeed and altitude. The turn is performed using a 28 deg. bank angle and a load factor of about 1.15. The aircraft finishes the maneuver in straight and level flight. The entire time for the maneuver is 80 seconds. Figure 8 shows a three-dimensional plot of the vehicle trajectory. Figures 9 and 10 show time histories of the aircraft attitudes and the pilot control inputs, respectively. Although the aircraft is in quasi-steady equilibrium flight for much of the maneuver, this analysis also includes the transient effects that occur during the transitions between the various phases of the maneuver. For example, transient dynamics occur at the initiation of the climb, the termination of the climb, the initiation of the turn, and the termination of the turn. Some sense of the variation of rotor loading with time is given in Figure 11 . In this figure, the section normal force for blade 1 is plotted as a function of radius and rotor azimuth for several selected times during the flight. The approximate time over which each rotor disk loading occurs is indicated in the figure. A great deal of information is found by looking at the rotor loading as a function of time. In particular, Figure 11 shows, among other things, that at completion of the climb phase ( 14 t ≈ sec) the collective pitch is reduced and the normal force over the rotor disk is smaller. The transient change in loading as the helicopter leaves the turn at 57 sec t ≈ is also captured in the figure.
Maneuver Noise Predictions
Although it is difficult to completely characterize the noise for an 80-second maneuver, in this section the OASPL will be shown both for a few individual observer locations as a function of time and as the directivity over a large area for a few selected times.
Noise at Isolated Observers Positions
Three separate observer positions were selected to show how the noise level changed throughout the 80- Figure 12 for each of the three observer positions. The total noise, thickness noise, and loading noise components are each shown in the figure. Notice that for each of the histories, there are fairly rapid changes in the OASPL levels-even though the OASPL is an integration over 0.5 seconds of acoustic data. These rapid changes are related to both the transient changes in aircraft loading and attitude. It is interesting to note, that although the majority of the noise at these three locations is due to loading noise, each time history has some period of time when the thickness noise is the dominate noise source.
Noise Directivity While the noise at a single observer location is what a person would hear, determination of the noise directivity over a large area is important to better understand the full impact of the radiated rotor noise. The OASPL level has been computed on a 2000 meter by 1600-meter grid corresponding to the ground plane shown in Figure 8 . The measurement locations were spaced 20 meters apart in each direction-resulting in 8181 total measurement points. The OASPL contours were computed at one-second intervals for the entire 80-second maneuver. Figure 13 shows the OASPL pressure level for several time steps during the maneuver. The small black circle in each of the contour plots indicates the location of the helicopter at the specified time. The circle radius is four times the radius of the helicopter main rotor. The specific times were chosen to display key events in the flight. At 7 t = sec, the aircraft is in the middle of the initial climb. At 14 t = sec, the aircraft has reached the flight altitude and the collective pitch is reduced. At this time the shape of the noise contours has changed slightly and become more complex. The contour at 21 t = sec is just before the aircraft enters the coordinated turn while 25 t = sec is a few seconds after entering the coordinated turn. There is a significant transient noise signal that is partially seen in the 25 t = sec contour but is essentially gone by 28 t = sec. The rapid roll of the aircraft as it enters the coordinated turn causes this transient. Notice at 28 t = sec the most intense noise region has shifted to the advancing side of the helicopter and the shape of the intense region is more narrow and elongated. This is related to the aircraft roll angle (28 deg.) during the turn. Throughout the turn, the helicopter is in quasisteady equilibrium and the noise contour on the ground is essentially the same except that it follows the aircraft as it turns. This can be seen by comparing the 28 t = sec, 42 t = sec, and 56 t = sec contours. At 57 t = sec, the aircraft leaves the turn and levels out. Although it is difficult to see from this figure, a transient wave leaves the rotorcraft at this time. The aircraft then enters straight and level flight and the radiation levels ahead and on the advancing rotor side of the aircraft generally increase even though the peak level decreases slightly. This is seen in the 60 t = sec and 65 t = sec contours. The contours for times greater than 65 sec are not shown, but are similar to the 65 t = case. Although Figure 13 the maneuver, there is a great deal of complexity that is much more easily seen in an animation of the predicted noise.
Comparison of Thickness and Loading Noise
One way in which the results of Figure 13 can be understood more clearly is to examine the constituent noise sources separately. To do this, loading and thickness noise overall sound pressure levels are shown in Figures 14 and 15 , respectively. By comparing all three Figures (13-15) , it is apparent that both loading and thickness noise sources are significant in some regions on the ground. For instance, during the climb ( 7 t = sec), loading noise is dominant, however, thickness noise contributes to the higher level contours during the turn and level flight. As might be expected, the directivity of the higher intensity regions are somewhat different for thickness and loading noiseloading noise tends to radiate more to the right and left of the vehicle while thickness noise radiates primarily forward on the advancing-rotor side of the aircraft. Although it is likely that these patterns will be different with a higher-fidelity airloads, they are likely to be the underlying patterns.
CONSIDERATION OF REAL-TIME NOISE PREDICTION
The final area of study in this paper is to consider the feasibility of real-time noise prediction using the coupled GENHEL-PSU-WOPWOP system. The execution time of each of the codes is shown for both 10 blade segments and 20 blade segments for the complex 80-second maneuver in Table 2 . The GENHEL computation is very fast and requires only a fraction of the time of the complete maneuver. The PSU-WOPWOP execution time on a Pentium III 800 MHz processor is nearly 4 times longer than the real maneuver time. † † The PSU-WOPWOP computations here use 8000 source time steps (i.e., 0.01 sec intervals over 80 seconds). The acoustic pressure is output with 160,000 points in the time history. Thickness noise computation is responsible for most of the calculation time in PSU-WOPWOP. This is demonstrated by turning off the thickness noise computation as shown in Table 3 . The loading noise computation is sufficiently fast that a single processor can easily perform both the flight simulation and the loading noise computation in much less time than the maneuver. The main reason that thickness noise is a more time consuming operation is that the grid, which describes the blade surface, has over 1800 points (i.e., a 30x30 grid for the upper surface and a 30x30 grid for the lower surface). The compact loading noise grid only has 10 or 20 points (the number of blade segments used in GENHEL). No attempt has been made to reduce the number of points in the blade surface grid in this study; however, such a change would significantly reduce the time required for thickness noise computation.
Another approach to make the complete noise prediction faster than real time would be to use faster processors and/or more processors for the computation. Table 4 shows how using a faster processor (the Athlon 1800+ MP) speeds up both the thickness and loading noise computations. The PSU-WOPWOP execution time for total noise calculation is only twice as long as the real maneuver when run on this processor. Clearly further gains in processor speed can be expected in the future, hence, in the near future, the total noise prediction may be faster than the maneuver time without modification to the code.
A few alternatives to waiting for faster processors exist which are also attractive. The first is to take advantage of the inherently independent nature of the computations in PSU-WOPWOP. Since numerical integration is a linear operation, the integration over each of the blade surfaces could easily be done in parallel. Some extra time would be required for message passing, but this should be minimal. Sufficient speedup could probably be gained just by performing the noise computation for each blade independently (roughly a factor of four speedup for this four bladed rotor). Parallelization could be taken even farther if needed by breaking the problem up into upper an lower surfaces, blade segments, etc.-all of which would be sent to different processors in a parallel computation. Another alternative would be to reformulate the thickness noise computation to be more efficient-as was done for compact-loading noise.
Such a reformulation may have some error associated with it, but this might be acceptable given the level of fidelity in the rest of the system. In any case, it appears that with some limited work, real-time noise prediction is feasible within the framework of the coupled GENHEL-PSU-WOPWOP system.
CONCLUDING REMARKS
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